Pressure drop in a vertical or deviated borehole is mainly due to hydrostatic changes and friction when the produced fluids flow to the surface. When the oil is flowing upwards, the flowing pressure along the tubing string will drop and gas starts to liberate from the oil. Thus, multiphase flow forms in the tubing string. Hence, adequate modeling of vertical lift performance is required to predict the pressure drop and subsequently the wellbore pressure. The bottomhole pressure prediction was realized by using PROSPER, a program developed by Petroleum Experts. The data of oilwell X-01 with high water cut (i.e., 56%) in field X was used in this research work. The most accurate correlation was chosen from 12 selected built-in correlations to predict the pressure drop via gradient matching. A sensitivity analysis has been done to observe the parameters that affected the vertical lift performance of a high water cut well. These parameters were tubing diameter, gas-oil ratio, wellhead pressure, water cut, and tubing roughness. The results show that Dun and Ros original correlation appeared to be the best-fit correlation for well X-01. Results from sensitivity analysis indicated that reduction of wellhead pressure from 390 psi to 285.3 psi could increase liquid rate by 13.2%. An adjustment of wellhead pressure gave the most significant impact on the production rate of well X-01 as compared to other four parameters studied.
INTRODUCTION
Multiphase flow in tubing string is still receiving much attention in upstream petroleum industry as it remains as a black box problem over past few decades [1] . The multiphase flow studies which began in 1950's need a better understanding on the ways that hydrocarbon liquid, water and gas flowing from bottom hole to the surface [2, 3] and even in the gathering lines [4, 5, 6] prior to reaching the onshore crude oil terminal as it can offer significant economic savings [7] .
The flow behavior of multiphase flow is much complicated than single phase flow because it involves combination of several flow variables. Liquid and gas usually do not flow at the same velocity in tubing string. This is because for upward vertical flow the gas phase which is less dense and lower viscosity able to flow much faster than liquid phase. At the opposing side, liquid flows faster than gas when moving downwards due to gravity force and density differences. Even though multiphase flow is subjected to simple pipeline geometry, the calculations are still complex [2, 3] . Therefore, reliable prediction of two phase flow behaviour often requires a correlation which can be developed from several experiments. Every multiphase flow correlation has its limitations and only works well when subjected to a certain range of well conditions. Among the correlations are Poettmann and Carpenter [8] , Duns and Ros [9] , Fancher and Brown [10] , Hagedorn and Brown [11] , Orkiszewski [12] , Govier and Aziz [13] , Beggs and Brill [14] , Mukherjee and Brill [15] , and Hasan-Kabir [16] .
Flow pattern is one of the main factors to decide the quality of multiphase flow but its analysis is not as simple as laminar or turbulent in a single phase flow. The relative quantities between the two phases and topology of interfaces must also be explained. The types of flow pattern which can be found in tubing string are bubbly flow, slug flow, churn flow, annular flow, etc. [2] . The flow patterns become more complex in waxy crude as highlighted by Ismail et al. [5] and Piroozian et al. [17] . Each of the flow patterns is distinctive because of the relative magnitudes of forces such as surface tension and buoyancy force acting on fluid which also varies with flow rates, pipe diameter, and fluid properties of the phase. Therefore calculations of pressure gradient using any correlation require a lot of flow condition parameters such as fluid density, velocity, viscosity, etc. [2, 13] .
The calculations for pressure losses in multiphase flow are very complicated due to phenomenon of gas/liquid slippage. Today, there are two main approaches -empirical and mechanistic -are used to predict the pressure losses in multiphase flow in pipes. The empirical approach correlates pressure losses empirically with all important parameters without explaining the cause of phenomenon whereas mechanistic approach analyses and explains the phenomenon with physics [18, 19] . In order to construct the model of a well production system, large amount of real data and calculations of multiphase flow are required [20] . As a result, many multiphase flow correlations for predicting liquid holdup and pressure gradient have been developed empirically over the years. Nevertheless, there is none of these multiphase flow correlations could work well across the all full range of production conditions and parameters such as tubing size, gas liquid ratio, presence of water cut, etc. In other words, there is no single correlation which can be applied satisfactorily to all types of flow regimes in the well. Therefore, different multiphase correlations may be used in different range of parameters to avoid huge errors mainly caused by PVT characteristics of the fluid [1, 2] .
The general equation of pressure gradient which is applicable to any fluid flowing in vertical or deviated well was derived using the basic energy balance equation. It was developed for two-phase flow by assuming that their flow regimes and properties are homogenous in a fixed volume of pipe. Equation (1) shows the total pressure gradient comprises three components; hydrostatic or elevation changes, friction, and acceleration [2] .
System analysis has been used for many years to analyse the performance of systems composed of multiple interacting components. Gilbert [21] was perhaps the first to introduce the approach to oil and gas wells but Mach, Proano, and Brown [22] popularized the concept, which was typically referred to as nodal analysis in the oil and gas industry. The objective of system analysis is to combine the various components of the production system for an individual well to estimate production rates and optimize the components' design of the production system [22, 23] .
An in-depth understanding of the impacts of flow conditions on multiphase flow is crucial. Flow qualities of fluid in a vertical or deviated well will change accordingly depending on the traits of wells and fluid properties. Therefore, using the wrong correlation may consequently affect the prediction of vertical lift performance. Inaccuracy of vertical lift performance eventually will lead to wrong prediction of production rate (i.e., underestimated or overestimated).
Modeling of a production system in an appropriate way is essential in order to predict the optimum production rate of a well for certain production conditions. Over prediction of productivity index may lead to an error on the expected deliverability of the well. The PVT properties of the fluid flow such as gas-oil ratio, oil formation volume factor, and fluid viscosity in a tubing string must be accurately determined so that the correct fluid flow pattern in the particular tubing segment can be identified. A small change in PVT data may lead to large error in predicting the pressure gradient [2, 24] .
One of the objectives of this research work was to determine the most suitable multiphase flow correlation(s) from the 12 selected correlations available in PROSPER for high water-cut well X-01 in field X -a well condition which requires serious well interventions due to excessive water produced with oil. The effects of varying the percentage of water cut, gas-oil ratio, wellhead pressure, tubing diameter, and tubing roughness were also studied for well X-01.
METHODOLOGY

Scope of Study
This research work was carried out based on several scope listed as follow:
(1) Utilized the PROSPER software which contains numerous multiphase flow correlations that are able to generate pressure gradients using data of well X-01. The results were then matched with measured pressure gradient of the well to determine the percentage of errors. Those correlations are listed in Table 1 
PROSPER
PROSPER is a software specialized for modeling most types of well configurations. This software is used widely in oil and gas industry because of its capability to predict well performance, design, and optimization of a production system, etc. PROSPER can assist petroleum production engineers to estimate well performance at downhole condition accurately. PROSPER is designed to allow building of reliable well models. The well models are able to address every aspect related to the production system such as reservoir inflow performance (IPR), pressurevolume-temperature (PVT), vertical lift performance (VLP) correlations, and calculations of pipeline and tubing pressure losses. Once the production system has been tuned to field data, PROSPER is able to model the well with different cases, determine the best-fit correlation for the well, and subsequently predict production rates. In addition, it also allows petroleum production engineers to design artificial lift system when required and monitor the well performance.
Schematic Flow Chart
The flow chart in Figure 1 indicates the procedures of accomplishing the process of gradient matching and sensitivity analysis study. It shows the steps to input the required reservoir and well data, flowing pressure survey data, etc. in PROSPER. 
Data Description
This simulation work involved the use of field data from field X. The oil well, X-01, stopped producing due to high water cut (approximately 56%) and also high gas-oil ratio of produced fluid although gas lift was implemented to increase oil recovery. In fact, this research work was intended to solve the problems related to vertical lift performance of well X-01. The well test data of well X-01 was used to model production rate curves at varying conditions using the available specific multiphase correlations in PROSPER and subsequently suggesting the ways for production optimization. The reservoir data and well descriptions for well X-01 are given in Table 2 while Table 3 shows the flowing gradient survey data for well X-01. After determining the best-fit multiphase flow correlation for the said well, it was then used to assist in the sensitivity studies. The five parameters and their ranges for the study are given in Table 4 . 
RESULTS AND DISCUSSION
Gradient Matching
Matching multiphase flow correlation is the first imperative step for quality control of a production model. Figure 2 shows Duns and Ros original (DRo) gives the best matching with the measured flowing pressure survey data (blue solid squares) compared to the other 11 built-in correlations. On the contrary, Orkiszweski (OKS) correlation gives the least accurate result in predicting the pressure drop for the tubing string. Similarly, Table 5 indicates that the consistency and accuracy in calculating the gravity term and friction term of pressure drop for each correlation and their standard deviation. After entering the required data, PROSPER calculates the PVT properties mentioned above and compares them with the field values which have been introduced in order for the software to proceed to the matching process. PROSPER performs a nonlinear regression prior to allowing us to determine the best-fit correlation. The non-linear regression technique applies a multiplier (Parameter 1) and a shift (Parameter 2) to all correlations [25] . If PROSPER has to adjust parameter 1 (which is the multiplier for gravity term) by more than 10%, it indicates that there is an inconsistency between fluid density predicted by PVT (black oil) model and field data. On the other hand, Parameter 2 (the multiplier for the friction term) needs a large correction. It is likely that there are problems existing in the equipment input measured data. As the effect of a shift in the friction component on the overall pressure loss is less than gravity term, a larger range in the value of Parameter 2 is expected. Referring to Table 5 , the standard deviations of all 12 correlations are ranging from 41.9167 to 97.9616. Duns and Ros Original correlation has the lowest standard deviation. Conversely, Orkiszewski correlation has the highest standard deviation which means it deviates significantly from measured data and eventually gives the highest percentage error.
In the pressure gradient matching, only 10 different measured pressures are allowed to match with the calculated pressure gradient. However, there were 27 measured flowing pressures at different depths that provided by an international oil company. At the early phase of trial run, random selection of 10 measured pressures affected the selection of best-fit correlation. Therefore, the result was dependent on the 10 best selected match points. Table 6 implies the total values of differences between pressure calculated from multiphase flow correlations and the 10 measured flowing pressure match points. Again Orkiszewski correlation contributes a total pressure difference of 863 psi which indicates that the correlation is the least accurate when matching with the 10 measured pressure survey data. On the other hand, Duns and Ros original correlation has the lowest variation in predicting the pressure gradient with difference in total pressure amounted to only 345 psi. Figure 3 shows that these flow correlations actually give relatively comparable total pressure drop. There is just a small variation between them. Nevertheless, different multiphase flow correlations predict different flow regimes. Thus, hydrostatic term and frictional term may vary among the correlations and significantly affect the total pressure loss in a vertical well. Hydrostatic term solely has contributed 61% to 83% of the total pressure loss among the correlations except for Mukerjee and Brill, Beggs and Brill, and Duns and Ros Original correlations. These correlations vary with others probably due to the assumptions of different flow regimes and frictional term. Acceleration term is usually significant in a horizontal or deviated well and negligible when predicting the pressure gradient in a vertical well. This term can be found only in Mukerjee and Brill, Beggs and Brill, and Duns and Ros Original. The simulation results also show that the frictional term of Mukerjee and Brill, Beggs and Brill, and Duns and Ros Original correlations contributes a significant pressure loss, ranging from 29% to 38% of total pressure drop from bottomhole to the tubing head. This might be caused by the basis or assumptions used in developing the correlations and also the deviation of well X-01. Besides that, Beggs and Brill correlation is a pipeline correlation that usually used for deviated or horizontal well.
Calculation of Pressure Losses in Well X-01
Sensitivity Analysis
Before starting the sensitivity analysis, IPR/VLP matching is required in order to tune the wellbore multiphase flow correlation to fit with bottomhole flowing pressure (real condition) using the well test data. This allows us to check the consistency of VLP. PROSPER is able to calculate the VLP for a range of flow rates and pressure values at the sandface for each of the active test points that have been entered into the VLP Matching segment. IPR may or may not need to adjust to match the measured data, depending on the percentage difference in calculated liquid rate and bottomhole pressure with the measured data Figure 4 shows the intersection of IPR and VLP curves using various tubing sizes. The tubing diameter used was uniform from tubing head until the end of tubing string.
Effect of Tubing Diameter
Figure 4
Liquid production rates for various tubing diameters of well X-01 Table 7 shows that increasing tubing diameter at constant wellhead pressure will increase the optimum production rate. Tubing diameters of 2.69 in., 2.81 in., and 2.90 in. give optimum liquid rates of 1938 STB/day, 2000 STB/day, and 2039 STB/day respectively. The percentage changes of those optimum liquid rates based on measured liquid rate are -3.1%, 0%, and 2.0% respectively.
An inference that can be made is that the use of smaller tubing size has reduced the flow area and consequently it increases the resistance to flow. This will restrict the production rate and subsequently reduces the amount of fluid that can be produced. Conversely, larger tubing size will cause excessive downhole liquid loading during lifting besides economic impact may reach beyond the available cost [26] .
A sensitivity analysis study for tubing size should be carried out prior to the production phase. This is to ensure the optimum tubing size can be determined in order to support the expected rates of production of oil and gas. Production optimization allows the lowest energy requirement for lifting and prolongs the flowing time. 
Effect of Gas-Oil Ratio
The gas-oil ratio (GOR) used in the sensitivity study were 2600 scf/STB, 4000 scf/STB, and 5000 scf/STB while other parameters were kept constant. Based on the well test data provided by the international oil company, the GOR of produced well fluid from well X-01 increased gradually (2079 scf/STB to 2600 scf/STB) from the time it was released to production again. The gas rate for gas lift operation was also increased two-fold in order to enhance the production rate (liquid rate). Hence, a deduction that can be made is increasing the injected gas rate will produce higher GOR oil. Detailed explanation on GOR has been given by Brown [2, 3] . Theoretically, application of gas injection reduces the density of flowing well fluid which also reduces the required drawdown to push the liquid mixture upwards. Nonetheless, Figure 5 and Table 8 show that the liquid production rate decreasing with increasing in GOR of produced fluid. Producing oil with GOR of 2600 scf/STB, 4000 scf/STB, and 5000 scf/STB would result in liquid production rate of 2038 STB/day (1.9% increment based on measured flow rate), 2014 STB/day (0.7%), and 1995 STB/day (-0.3%) respectively. Although the effect of GOR on VLP is not significant as shown in Figure 5 , there is still reduction of production rate when increasing GOR. The percentage change is highlighted in Table 8 . This is probably due to the insufficient drawdown to provide the upward force to push the well fluid to the surface. As the fraction of gas increasing in a constant oil rate, the frictional term will overtake the hydrostatic term and plays a major role in pressure loss along the tubing string. Pressure maintenance or water injection can be done in order to build up the reservoir pressure and attain optimum drawdown. However, economic evaluation will always be the first consideration to decide whether the well should be abandoned or continued for production. 
Effect of First Node Pressure (Wellhead Pressure)
A sensitivity analysis was done on flowing wellhead pressure (WHP) in order to analyze the effect of wellhead pressure on production rate. Figure 6 shows the IPR/VLP curves for four different wellhead pressures of 285.3 psig, 385.3 psig, 485.3 psig and 565.3 psig. Table 9 shows that when wellhead pressures are increased from 285.30 psig to 565.30 psig with the same production string, the liquid production rate has reduced from 2263 STB/ day to 2038 STB/day. It also highlights the percentage change in production at those WHPs.
Figure 6
Effects of various first node or wellhead pressures on liquid production rates for well X-01 WHP can be adjusted by different ways such as changing the choke size, surface pressure, and flowline. It is essential to determine the minimum WHP in order to maintain the flow from wellhead to separator. When WHP is reduced, higher liquid rate can be produced. Therefore, higher wellhead tubing pressure is required in case the production rate is too high and to maintain the optimum production rate. However, the choice of minimum WHP is dependent on the tubing size, alteration of reservoir condition, and type of well completion [3] . 
Effect of Water Cut
Referring to IPR/VLP plot in Figure 7 , increment in water cut (WC) has a little impact on vertical lift performance or outflow curve. High water production rate will increase the hydrostatic pressure loss. Consequently higher drawdown or reservoir energy is needed to lift the reservoir fluid to the surface. Nonetheless, the IPR curve is also affected by increasing the water cut. Figure 7 shows IPR curves at the initial reservoir pressure of 2060 psi. Four different values of water cut, 0%, 10%, 20%, and 56% were used to study their effects on well performance. The liquid rates for the four different water cuts are given in Table 10 : 1836 STB/day for 0% WC, 1865 STB/day for 10% WC, 1898 STB/day for 20% WC, and 2038 STB/day for 56% WC. Their respective percentage changes in production rates are also given in Table 10 . 
Effect of Tubing Roughness
In the equipment data input, we took the value of tubing roughness for the production string as 0.0006 in [27] . Three different tubing roughness values were considered for the sensitivity study, namely 0.0006 in., 0.0015 in., and 0.0040 in. to study their effects on well performance. The simulation results from PROSPER are shown in Figure 8 and Table 11 . Table 11 shows that tubing roughness of 0.0006 in., 0.0015 in., and 0.0040 in. give production rate of 2038 STB/day, 2025 STB/day, and 2002 STB/day respectively. Also included in the table is the percentage change in production rate for each of the cases. An increment in tubing roughness reduces the liquid rate. Generally, tubing roughness affects vertical lift performance of a well. When tubing roughness is increased, it increases the frictional loss in the tubing string. Eventually, a higher bottomhole pressure is required to produce the required flow rate. 
CONCLUSIONS
Based on the analysis done, the following conclusions have been framed out accordingly:
(1) Dun and Ros original correlation appears to be the best-fit multiphase correlation for high watercut well X-01 with standard deviation of 41.9167. However, Orkiszweski correlation gives the least accurate result in predicting the pressure drop for the well. (2) The effect of changing the tubing diameter is significant on the well performance. Reduction of tubing diameter from 2.90 in. to 2.69 in. can reduce 5.1% of the initial production rate. (3) Increment in GOR from 2600 scf/STB to 5000 scf/STB reduces production rate by 1.9%. Therefore, gas lift operation is unable to enhance production rate further due to increase in frictional pressure loss inside the tubing string. (4) Reduction of wellhead pressure from 390 psi to 285.3 psi has increased liquid production rate by 13.2%. (5) Increment of water cut affects both IPR and VLP curves. From 0 to 56% of water cut, it increases the AOF of IPR curves from 2420 STB/day to 2663 STB/day and enhances the production rate from 1836 STB/day to 2038 STB/day. However, the water influx also increases gradually. (6) Increase in tubing roughness requires higher bottomhole pressure to produce the required liquid rate. (7) The bottomhole pressure is found to be insufficient to lift the reservoir fluid to the surface and high water cut is the main reason for well X-01 to stop production. Although reduction of WHP can increase production rate significantly but the drawdown is too low to lift the fluid up to the surface. 
